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The infinite-layer structure nickelate Ba2NiO2(AgSe)2 (BNOAS) with d
8 Ni ions and a peculiar
susceptibility χ(T ), synthesized at high pressure, is studied with correlated density functional meth-
ods. The overriding feature of the calculations is violation of Hund’s rule coupled with complete
but unconventional spin-orbital polarization, leading to an unexpected low spin 1B1, “off-diagonal
singlet” (ODS) textured by an internal orbital structure of compensating d↑
x2−y2
and d↓
z2
spins.
This unconventional configuration has lower energy than conventional high-spin or low-spin alter-
natives. An electronic transition is obtained at a critical Ni-O separation dNi−Oc =2.03 A˚, which
corresponds closely to the observed critical value of 2.00A˚, above which Ni becomes magnetic in
square planar NiO2 compounds. We propose scenarios for the signature of magnetic reconstruction
in χ(T ) at Tm=130 K without any Curie-Weiss background (no moment) that invoke ordering of Ni
d8 moieties that are largely this generalized Kondo singlet. Because hole states are primarily Se 4p
rather than O 2p, the usual issue of Mott insulator versus charge transfer insulator is supplanted by
a character in which electrons and holes are separated in real space. The underlying physics of this
system is modeled by a Kondo sieve model (2D Kondo necklace) of a “Kondo” dz2 spin on each site,
coupled to a dx2−y2 spin that is itself strongly coupled to neighboring like-spins within the layer.
The observed magnetic order places BNOAS below the quantum critical point of the Kondo sieve
model, providing a realization of the previously unreported long-range ordered near-singlet weak
antiferromagnetic phase. We propose electron doping experiments that would drive the system to-
ward a d9−δ configuration and possible superconductivity with similarity to the recently reported
hole doped infinite layer cuprate Ba2CuO3.2 that superconducts at 73K.
I. BACKGROUND
Layered nickelate materials have attracted attention
for some decades primarily due to the similarities they
provide to the layered cuprates that display high tem-
perature superconductivity.[1, 2] A number of layered
nickelates with non-integer formal valences have been
synthesized, showing a great variety of magnetic and
spin/charge ordering behavior that is now understood,[3–
5] but no superconductivity. However, the recent
discovery[6] and verification[7] of superconductivity in
thin films of strained, hole-doped NdNiO2 has reinvig-
orated interest in layered nickelates. The focus has been
on d9, spin-half layers, due to their similarity to the
cuprates, which may be (hole or electron) doped to pro-
duce high temperature superconducting (HTS) phases.
The complementary route to superconductivity, not for-
merly taken seriously, may arise in compounds with a Ni
d8 configuration that approach the same d9 regime upon
electron doping. The d8 configuration brings with it the
competition between low-spin and high-spin configura-
tions, which is expected to depend on strain applied to
the NiO2 layer by other components of the compound
as well as crystal field splittings, and may or may not
promote HTS.
The report of synthesis of a new layered nickelate sys-
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FIG. 1: (a) bct structure of Ba2NiO2(AgSe)2. The layered
square lattice of Ni ions without apical oxygen ions forms a
single “infinite layer” structure of the NiO2 layer analogous
to the bulk layers of CaCuO2 and NdNiO2. Subsequent layers
have a large interlayer ‘spacer layer’ distance of about 10 A˚,
leading to strong two dimensionality in many respects. (b)
Spin density plot of the spin singlet state at an isovalue of
0.015 e/A˚ (U = 7 eV with wien2k). Red (blue) denotes
spin-up (-down) character. This combination comprises the
orbitally off-diagonal singlet state d1↓
z2
–d1↑
x2−y2
. Hybridization
with the planar oxygens is apparent.
tem indicates further anomalous properties of layered
nickelates. Matsumoto and collaborators have reported
the synthesis,[8] under 7 GPa pressure at 850 ◦C, of
Ba2NiO2Ag2Se2 (BNOAS) containing an ‘infinite layer’
NiO2 sublattice without apical oxygen sites but with an
anomalously large Ni-O separation of 2.10 A˚. The sus-
ceptibility χ(T ) is peculiar and unexplained. In spite of
no Curie-Weiss term in the otherwise constant χ(T ), a
peak occurs at Tm=130 K with 30 K full width before
returning to its original value. Field cooling below Tm
increases the susceptibility below Tm, and weak mag-
netic peaks in powder neutron diffraction[8] at 5K have
been interpreted as indicating (12 ,
1
2 , 0) antiferromagnetic
(AFM) order, with best fit to weak structure in diffrac-
tion data suggesting S=1 Ni spins. This interpretation
however seems inconsistent with the peculiar ‘spinless’
behavior of χ(T ). BNOAS was discussed as insulating
but no conductivity data on the powder samples was pre-
sented.
A non-magnetic ground state is observed in other
square planar d8 nickelates,[8, 9] viz. BaNiO2[10] and
monovalent LaNiO2 (see references in [11]) so BNOAS
is an anomalous case. The isovalent sister strontium
compound SNOAS with smaller lattice constant is more
conventional, showing Curie-Weiss behavior above 150 K
characteristic of an S=1 moment and strong AFM mag-
netic coupling (Weiss θ= –158 K). χ(T ) indicates that
SNOAS undergoes some type of magnetic order around
50 K. Matsumoto et al. ascribe the differences between
the two compounds to the different Ni-O bond lengths
(that of BNOAS being unusually large), which could tip
the balance between high spin and low spin states.
Formal valence counting, confirmed by calculations
presented below, proceeds as Ba2+2 Ni
2+O2−2 Ag
1+
2 Se
2−
2
giving Ni a d8, two hole configuration. A major issue
is the relative importance of low-spin S=0 and high-spin
S=1 states of the ion, and (we will propose) the nature
of the S=0 ion. As mentioned, most known layered d8
nickelates are non-magnetic[8, 9] S=0, so magnetic be-
havior (even without its strangeness) of these new nick-
elates presents new physics. Building on the underly-
ing magnetism, one can anticipate that electron doping,
moving the Ni formal valence toward the d9 configura-
tion, might induce superconductivity as has been found
in the (Nd,Sr)NiO2 system.
Our main result here is the discovery of a distinct
ionic configuration, an “off-diagonal singlet” with inter-
nal magnetic and orbital textures in spite of vanishing
magnetic moment. A secondary finding is a phase bound-
ary at a critical Ni-O separation of 2.03A˚ that concurs
with the separation of low spin and high spin Ni ions in
square planar NiO2 layered compounds. After presenting
procedures in Sec. II, in Sec. III we analyze the resulting
electronic and magnetic structures of BNOAS in Sec. III,
and briefly provide some results for applied strain in Sec.
IV. In Sec. V we introduce a minimal spin model for this
compound which we feel provides a platform for account-
ing for the peculiar behavior of χ(T ). A discussion and
wrap-up is given in Sec. VI.
II. STRUCTURE AND PROCEDURES
These compounds, which can be synthesized with sev-
eral 3d ions, have the body-centered tetragonal (bct)
structure (I4/mmm, #139), pictured in Fig. 1(a). In
the bct structure, the Ni, O, and Ag ions sit at high sym-
metry 2a (0,0,0), 4c (0,1/2,0), and 4d (0,1/2,1/4) sites,
respectively. The Ba and Se ions lie on 4e (0,0,z) sites
with z=0.4136 and 0.1606, respectively. The NiO2 layers
with a large separation of 10 A˚ forms a two-dimensional
square lattice without apical oxygen, as in the d9 nick-
elates NdNiO2 and LaNiO2.[12–14] The (AgSe)2 layer
provides some zˆ-axis coupling.
An intriguing feature of the structure is that the
(AgSe)2 substructure is the same as that of the FeSe-type
superconductors. The overall structure is reminiscent of
many cuprate and Fe-based superconductors: electroni-
cally active (NiO2) layers separated by inactive “spacer”
layers. The strain supplied by the (AgSe)2 layers results
in an anomalous elongation of the Ni-O bond length to
2.10 (2.05)A˚ for BNOAS (SNOAS), about 10 (6)% larger
than in CaCuO2 and also other layered d
8 nickelates. The
(AgSe)2 layers however are insulating and relatively inert
in these compounds.
Our calculations were performed with the experimen-
tal crystal structure, using the BNOAS lattice constants
a =4.2095 A˚ and c =19.8883 A˚, obtained from the neu-
tron diffraction measurement at 5 K[8], except for a few
cases where smaller planar lattice constants a were used
to probe the dependence of the Ni-O separation and iden-
tify a critical separation. We have compared results from
two all-electron, full potential density functional theory
(DFT) codes, fplo-14[15] and wien2k[16], the former
being an atomic orbital basis code. The latter is a lin-
earized augmented plane wave code that is considered
to give the most precise solutions of the quantities that
arise in DFT. In many tests these two codes have pro-
duced results that are equivalent within the accuracy of
the underlying DFT exchange-correlation functionals.
fplo is a local orbital based DFT code with built-
in atomic orbitals, particularly adapted to characteriz-
ing the electronic and magnetic structures of transition
metal compounds.[23] In wien2k, the basis size was de-
termined by RmtKmax = 7 with augmented-plane-wave
sphere radii Rmt (in a.u.): Ni, 2.13; O, 1.83; and 2.50 for
Ag, Se, and Ba. For both codes, the Brillouin zone was
sampled by a dense k−mesh of 20× 20× 20 to check the
energetics carefully.
We utilize the generalized gradient approximation
(GGA)[17] plus Hubbard U method (GGA+U)[18], with
the double counting term of the so-called around mean
field scheme[18, 19] as implemented in rotationally invari-
ant fashion in the two codes we use. We note that, since
U and J are applied to the ‘atomic orbital’ (which is not
uniquely defined) in different ways by the two codes, re-
sults differ somewhat. An important point of our work
is that these two codes give qualitatively similar results
for which the quantitative differences are unimportant.
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FIG. 2: Top: Variations of (a) energy gaps and (b) relative
energies among ODS(S=0), FM(S=1), and AFM(S=1) ionic
states and alignments, as the Coulomb repulsion U is varied
in the 1 – 9 eV range, from fplo. Above Uc = 4 eV, where
the spin-up dz2 orbital is nearly emptied, the ODS is ener-
getically favored over the other states. The physical range of
U is usually considered to be in the 5-7 eV range. Bottom:
Schematic energy level diagrams for the states of the Ni ion;
arrows indicate the spins of occupied orbitals, with the ODS
in the center panel.
To probe correlation effects in the GGA+U calcula-
tions, we have at times varied U in the range 1 − 9
eV, always with the fixed Hund’s spin coupling J = 0.7
eV. Varying U is accepted practice. There is no spe-
cific value to use for Ni (or any specific atom), because
the large screening of the atomic value depends on the
charge state, on the local environment, and on the con-
ducting (or not) behavior of the system, the latter two
providing screening. Small values are more appropriate
for conducting LaNiO3, larger values for highly insulat-
ing NiO. Values of U ≈ 4 − 8 eV have been applied in
different contexts,[2, 20–22] (and see references in [11]
for LaNiO2). For BNOAS, which undergoes a metal-
insulator transition in our calculations as U increases,
values in the 5-7 eV range seem most physical. It is com-
mon practice to check the sensitivity of DFT+U results
for sensitivity to the value of U . Our results are not
sensitive to U within the 5-7 eV range, or even higher.
III. RESULTS FOR BNOAS
We begin by announcing that our results are unex-
pected and rather startling. The formal d8 configura-
tion conventionally suggests that the possibilities are (i)
a high spin S=1 Ni ion, with holes in both the dx2−y2
and dz2 minority orbitals, or (ii) a non-magnetic low spin
S=0 state with dx2−y2 of both spins unoccupied. We find
another, (iii) an off-diagonal singlet (ODS), with holes of
opposite spins in the dx2−y2 and dz2 orbitals (
1B1 symme-
try), with schematic energy level diagrams at the GGA
level presented in Fig. 2(c). (The t2g states are nearly de-
generate at the GGA level.) The ODS is described and
analyzed in Sec. III.D.
There are unusual features of the spin density, pic-
tured in Fig. 1(b). Distinctive features are the following.
(1) While the net moment is exactly zero (singlet S=0),
there remains full spin polarization of the two orbitals,
with substantial magnetic energy benefit. This specifies
a singlet[24] with internal texture, which is orbital polar-
ization. (2) There is full spin-orbital polarization, unlike
what occurs in some insulating nickelates. (3) This sin-
glet is a pure spin analog of the non-magnetic Eu3+ f6
ion with S=3, L=3, J = |L−S| = 0, a singlet which nev-
ertheless has large spin and orbital polarization.[25–27]
(4) It violates Hund’s first rule, without apparent cause
(such as crystal field splitting). (5) It gains Coulomb en-
ergy by remaining maximally anisotropic (fully orbitally
polarized) within the two-orbital subspace. Properties
related to (1,2,5) were discovered in DFT+U studies[28]
of MnO under pressure. We will return to this compari-
son in Sec. VI.
A. Energetics and Moments
The gap values of ODS, FM, and AFM states versus U
are shown in Fig. 2(a). Not surprisingly, the gap opens
for much smaller U = 1eV for AFM order due to its
smaller bandwidth; for the ODS the gap opens only at
U=5 eV. In all cases the gap remains small for a tran-
sition metal oxide, even for U=9 eV. Next, we compare
energies of the FM and AFM states relative to the ODS
state in Fig. 2(b). NM (trivial S = 0 1A singlet) lacks
spin polarization energy and can be neglected. Both FM
and AFM ordered states have S = 1 Ni ions with their
Hund’s rule energy gains, with AFM being slightly fa-
vored over FM with a difference that decreases with in-
creasing U . The ODS state, which is spin-orbital polar-
ized but S=0, above Uc=4 eV becomes favored over both
states having S=1 ions, with the energy difference grow-
ing rapidly as U increases. The Hund’s exchange energy
is overcome by other energy changes, see the Supplemen-
tary Material (SM).[29]
The values of the FM and AFM moments at GGA level
are ∼1.1µB, as shown in the large lattice constant a re-
gion of the upper panel of Fig 3. Including U , these grow
(not shown) to around 1.9µB, a value that is character-
istic of S=1 reduced somewhat by hybridization. To em-
phasize: for the ODS ions, the orbital moment is around
0.16µB while the net spin moment vanishes.
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FIG. 3: Variations of (top) the Ni moment and (bottom) the
energy difference ∆E = EFM − ENM between FM and NM
states, as the a lattice constant is varied at constant volume.
From fplo within GGA. Both the moment and energy differ-
ence display critical changes as the gap closes below a Ni-O
separation of dNi−Oc = a/2 = 2.03A˚, signaling a phase change.
B. Effect of strain
Matsumoto and coauthors[8] have drawn a connection
between the Ni-O bond length and the low-spin and high-
spin states in layered d8 compounds, identifying a criti-
cal separation in the 2.00-2.05A˚ range and ascribing the
transition to crystal field splitting. This critical distance
led us to study the lattice constant dependence, taking
the FM state as an example. We performed the corre-
sponding calculations, with results shown in Fig. 3 using
fplo within GGA (wien2k results are similar). As a is
decreased from 4.2 A˚ to 3.9 A˚ with the cell volume fixed
and internal parameters of Ba and Se being optimized
(the observed value is a=4.21 A˚), an electronic transition
at Ni-O is observed. The Ni moment initially decreases
(∆M/∆a ≈ 1.6µB/A˚). When the Ni-O separation is low-
ered below the critical value of ac/2 ≡ d
Ni−O
c =2.03A˚, the
rate of decrease of the Ni moment doubles.
At this same separation, the (magnetic) energy un-
dergoes a dramatic change. The energy increases slowly
and quadratically down to 4.06 A˚. Below a = 4.06 A˚,
where Matsumoto and collaborators suggest a crossing
of magnetic and nonmagnetic Ni ions, the energy differ-
ence rises steeply with a slope of –300 meV/A˚. This elec-
tronic transition involves a reconfiguration of how orbital
occupations change with volume.
This behavior is consistent with the critical Ni-O sep-
aration proposed by Matsumoto et al. They observed
that most NiO2 compounds with only square planar Ni
(no apical oxygens) are nonmagnetic, but if the lattice
constant is pushed above 2.0A˚, the Ni ion becomes mag-
netic. For example Sr2NiO2(AgSe)2, with a=4.094A˚, is
magnetic; BaNiO2 and LaNiO2.5 are not. The significant
FIG. 4: Left: Reference GGA nonmagnetic band struc-
ture with highlighted fatbands of Ni dz2 and dx2−y2 in
Ba2NiO2(AgSe)2. Right: Corresponding atom-projected den-
sities of states. Most of the narrow dz2 band lies just below the
Fermi energy EF . The mostly empty dx2−y2 band has band
width ∼ 3 eV, corresponding to in-plane hopping t = 0.75 eV.
new aspect is that while our Ni ion is spin-polarized, i.e.
magnetism must be considered in the electronic struc-
ture, it forms a singlet and is not magnetic to most ex-
perimental probes.
C. Electronic structure at the GGA level
The band structure at the GGA level, which forms the
basis for most beyond-GGA studies, is presented in Fig. 4
from the atom-projected density of states (PDOS). The
dz2 band is degenerate with the t2g bands, with a similar
1 eV bandwidth. The Ni dx2−y2 dispersion is 3 eV (see
the Γ − M line) with center of weight around 0.5 eV,
giving an eg crystal field splitting of 1-1.5 eV. The lowest
conduction band at Γ has Ag s and Se pz characters,
which become mixed with Ni dz2 as that orbital becomes
unoccupied with application of U . This mixed character
will have implications for electron-doped BNOAS.
Dimensionality of the band structure is one central
point of interest in nickelates as well as cuprates. kz
dispersion along Γ − Z of valence bands is small except
for the Ni dz2 band just below EF , with dispersion of
roughly 0.5 eV, accommodated by hybridization with the
Se p orbitals, i.e. through the electronic polarization of
the blocking layer. The two 3d holes are mostly in the
dx2−y2 orbitals with a minor amount in the small Fermi
surfaces with mostly dz2 character. These differences are
central factors in how the Coulomb repulsion U will pro-
duce changes in the spectral positions. In the conduction
band, the first band with minimum at Γ at 1.5 eV shows
in-plane dispersion of 1 eV and kz dispersion from Γ of
nearly 0.5 eV.
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FIG. 5: Top: the Ni d orbital-projected densities of states
(PDOS) for the ODS state obtained from fplo, versus
strength of U . Bottom: the corresponding FM figure is shown
for comparison; there is little difference except for the direc-
tion of the dz2 spin. Including U even at the 1 eV level, the
spin of the (partially) unfilled dz2 is reversed, leading to the
ODS singlet state, still slightly conducting.
D. Correlation and spin polarization
The PDOS displayed in the top panel of Fig. 5 re-
veals the paradigm-shifting effect of U . The ODS state
is obtained already for U=1 eV, though not yet favored
energetically. The gap opens for U in the 4-5 eV range,
beyond which the singlet is increasingly strongly favored
(see Figs. 2(a,b)). The spin density shown in Fig. 1(b) is
strongly anisotropic (maximally so), similar to that ob-
tained previously[2] for d9 LaNiO2, where large U drove
the system toward an unexpected d8 configuration. U=6-
8 eV was judged to be too large for conducting LaNiO2,
which is observed to be conducting and would have a
more strongly screened (smaller) value of U .[30]
FIG. 6: Band structure of the ODS state at U = 7 eV in
GGA+U. The fatbands of Ni dz2 , Ni dx2−y2 , and Se ppi are
highlighted. In the spin-up channel (left panel), the top of the
valence bands occurs with a Se 4p band at Γ and a band at
M with some dx2−y2 character. The valence band maximum
for down spins (right panel) is a Γ-centered band of Se px+py
orbitals.
Comparison with the FM progression (S=1) in the
lower panel of the PDOS in Fig. 5 reveals few differences
aside from the flipped dz2 spin. The positions of the hole
states (bands) are the same. There is likewise little dif-
ference in positions and widths of most of the occupied d
bands. The noticeable difference is that the occupied dz2
band is 1.5 eV lower for the FM case at U=2 eV. A close
look indicates that the t2g PDOS is lower for FM than
for ODS. At U=4 eV and above, the d state positions
have become very similar.
E. Analysis of the ODS
The band structure of the ODS state is shown in Fig. 6,
with the corresponding PDOS of relevant orbitals pic-
tured in Fig. S3 of the SM.[29] Both eg orbitals are split
by roughly U=7 eV (the Mott-Hubbard gap), with unoc-
cupied dx2−y2 bands 1.5 eV higher in energy as expected.
A substantial effect of U is to remove the t2g orbitals
(both spins occupied) from just below the GGA Fermi
level to –4 to –5 eV below the gap, for U=7 eV. This dis-
placement serves to leave the Se 4p states at the bottom
of the gap at Γ. Note: with zero net spin, we have chosen
that ‘up’ is the direction of the dx2−y2 spin, ‘down’ is of
course the opposite.
The gap opening in both spin directions by Uc ≈ 5 eV
signals a metal-insulator transition and ensures that the
net moment vanishes, giving the ODS state. This state
violates Hund’s first rule, signaling that other (intra-
atomic or interatomic [environmental]) contributions to
the energy are compensating. We propose that one factor
arises from the differences in crystal field splittings from
neighboring divalent cations (Ba or Sr) versus the tripos-
itive ions in d9 LaNiO2 and NdNiO2. More discussion is
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given in SM.[29]
The unoccupied Ni dz2 hole band shows dispersion
with a minimum at Γ, about 1 eV from Γ to the zone
edge, and 0.5 eV width along kz . This orbital is mixed
with the Ag s, Se pz orbitals mentioned in Sec. III.B.
The gap increases to 0.5 eV for U=8 eV, as occupancies
attain essentially integer values. The spin density shown
in Fig. 1(b) vividly illustrates the spin polarization that
is a combination of dz2 and dx2−y2 contributions of op-
posite spins, with dx2−y2 orbitals mixed with oxygen pσ
orbitals. We return in Sec. V to further implications of
this ODS.
The electron-hole asymmetry in the U=4-7 eV range
is anomalous for a transition metal oxide, rendering the
usual Mott insulator versus charge transfer insulator in-
applicable. Oxygen 2p states do hybridize with dx2−y2
but not as strongly as conventionally, since they lie 2-4 eV
below the gap. Hole states, see Fig. 6, are instead Se 4p
states in the down spin bands of the Ag2Se2 spacer layer
and are highly itinerant. Electron states also present new
behavior: electrons go into the weakly kz dispersive dz2
band at Γ hybridized with Se p states, thus disturbing
the singlet and enabling moments to emerge. The conse-
quences of doping will be addressed elsewhere.
IV. KONDO SIEVE SPIN MODEL FOR BNOAS
A. The model
The insulating ground state ODS that is discussed
above provides a system in which the elementary excita-
tions are spin waves. We suggest here a minimal model
of the spin system. Let the dx2−y2 and dz2 spin operators
be denoted by the Pauli matrices ~σ and ~τ respectively.
Factors of 12 will be folded into the constants. The min-
imal spin Hamiltonian for the insulating state contains
three parameters:
H = J
∑
<i,j>
~σi · ~σj +K
∑
i
~σi · ~τi
+Jz
∑
[i,j]
~τi · ~τj −
∑
i
~Si · ~B
= HKS + Jz
∑
[i,j]
~τi · ~τj −
∑
i
~Si · ~B. (1)
J ≡ Jσ is the positive in-plane near-neighbor (< i, j >)
superexchange constant between dx2−y2 σ spins, and K
is the on-site spin coupling between ~σ and “Kondo-like” ~τ
spins, with contributions from Hund’s coupling, Hubbard
U correlation, and environmental influences. The on-site
singlet-triplet splitting is 2K, and the sign of interest
here (making it Kondo-like) being positive K. Jz is the
(spacer layer assisted) coupling between τ -spin neighbors
[i, j] along zˆ, and the total on-site spin is ~Si = ~σi + ~τi
couples to the magnetic field ~B. For discussion in this
section we set units such that J=1.
HKS , which we refer to as the Kondo sieve model,
is an extension to 2D of the Kondo necklace model
introduced by Doniach.[32] It was derived from the
1D Kondo Hamiltonian by applying the Luther-Pelcher
transformation[33] from 1D spinless itinerant particles
to on-site spins. Quantum Monte Carlo calculations
indicate that the 1D Kondo necklace does not display
magnetic order at any finite value of the exchange cou-
pling constant.[34] The extension to 2D by Brenig[35]
has been known (somewhat contradictorily) as the 2D
Kondo necklace. This two spins per site model can also
be viewed as the large Hubbard U regime of the Kondo-
Hubbard model at half filling.[36] We picture BNOAS, in
first approximation, as a realization of the Kondo sieve
model, then with small and mostly frustrated interlayer
coupling that may become important in emergence of or-
dered phases.
Quite a bit is known from Brenig about the Kondo
sieve model. For J=0, HKS consists of isolated sin-
glets; for K=0 it is the exhaustively studied spin-half 2D
AFM Heisenberg model, which does not order at finite T
(Mermin-Wagner theorem). Using stochastic series ex-
pansion methods, Brenig found that weak AFM order
exists for HKS at low T=0.05 up to a quantum critical
point (QCP)[35, 36] Kc=1.4. Below Kc the τ -projected
order parameter is around 35% larger than that of the
neighbor-coupled σ (dx2−y2) spins.
The ordering reveals that the Kondo spin promotes
long range order even in 2D, and becomes a central in-
fluence even for a small Kondo coupling, reflecting ap-
parent smaller quantum fluctuations than the σ spin.
The uniform susceptibility decreases with increasing K,
vanishing at Kc above which the singlets control the
physics. Site dilution of the “Kondo” moments, as by
non-stoichiometry or doping, results in structure in both
χ(QAFM , T ) and S(QAFM , T ) around T=0.1 or below,
depending on concentration. The QCP vanishes into a
crossover, i.e. weak AFM order extends to larger K, for
which an order-by-disorder mechanism was proposed.[36]
These results will also impact the doping experiments
discussed below.
B. Relation to Ba2NiO2(AgSe)2
Due to the body-centered stacking of NiO2 layers both
the τ and also much smaller σ couplings between AFM
layers will be frustrated. The 0.5 eV kz dispersion of
the dz2 band imbues importance to this coupling, since
it is the largest coupling available to enable 3D magnetic
correlations and potential long-range 3D order. An in-
plane term
∑
<i,j> ~τi ·~τj and interlayer coupling
∑
[i,j] ~σi ·
~σj are symmetry-allowed, but both should be small.
Of special interest, insightful for the large K that our
calculations indicate, is that the on-site (i) term can
be diagonalized in total spin ~Si = ~σi + ~τi space, with
singlet Si=0 and triplet Si=1 sectors. For the isolated
ion K is negative, giving the familiar high-spin Hund’s
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coupling. In BNOAS we find instead from total energy
results that the low-spin ODS configuration is favored
(rather strongly) for physical values of U [see Fig. 2(b)].
The non-magnetic 1A state with two holes in the dx2−y2
orbital is highly disfavored and is not included in the
Kondo sieve model.
Given that the low-spin ODS state is favored in
BNOAS, in zero-th approximation configurations are
confined to the ODS sector Si = 0 for all sites i. Then
the second term in H becomes diagonal and the fourth
term in the Hamiltonian vanishes (and also hence the lin-
ear susceptibility as in experiment), and ~τi = ~Si−~σi can
be eliminated to give (up to a constant)
H → H¯singlet = J
∑
<i,j>
~σi · ~σj + Jz
∑
[i,j]
~σi · ~σj . (2)
The in-plane superexchange J is ubiquitously calculated
to be positive and large in nickelates, so the first term is
the one that is commonly applied to the AFM insulating
phase of cuprates. Since the σ spins are antialigned (or
at least strongly correlated), the body-centering of the
BNOAS structure determines that interlayer ~τi ·~τj – here
transformed to ~σi · ~σj – coupling is frustrated.
The result from the Kondo sieve model without con-
sidering further symmetry breaking (such as single ion
anisotropy or structural distortion) is that the σ spins
are strongly correlated in-plane and become ordered be-
low Kc/J = 1.4, with experimental properties becoming
nonstandard for a magnetically ordered system. The sub-
stantial Kondo coupling indicates that weak AFM should
be considered in the interpretation of magnetization data.
Ordering across the layers due to additional interactions
may be a lower temperature possibility that is left for fur-
ther work. For comparison with experimental data, the
sensitivity of the QCP to defects should be kept in mind,
since the synthesis methods of this class of compounds
have been found to allow the incorporation of impurities
and produce some minority phases.[37]
V. DISCUSSION
Our results suggest that the non-Curie-Weiss form and
the peculiar structure in χ(T ) of Ba2NiO2(AgSe)2 are
couched in formation of a Ni on-site ‘off-diagonal singlet’
in which both eg orbitals are singly occupied but with
Kondo-like oppositely spin-directed singlets. This singlet
forming tendency was obtained previously[2] for infinite-
layer LaNiO2 at large interaction U – very strange for a
supposed d9 metal – but seemed not to be reflected in
measured properties. Among the numerous theoretical
viewpoints of NdNiO2, the undoped parent of the newly
discovered superconducting nickelate, Zhang et al. have
suggested that Kondo singlets play a part in the underly-
ing electron structure.[38] We propose that BNOAS may
comprise the first realization of Kondo sieve physics, and
that it may provide important insight into layered nicke-
late physics which now includes superconductivity when
appropriately doped.[6, 7] We now turn to consideration
of χ(T ).
Scenario #1: Integrity of the Singlet. Above the char-
acteristic temperature Tm = 130 K of BNOAS the S=0
singlets are magnetically inert, which naturally accounts
for the lack of a Curie-Weiss term. The internal struc-
ture presumably correlated due to the dx2−y2 coupling,
but contributing only a little to χ(T ) due to mixing of
the S=1 triplet, consistent with experiment. In the lan-
guage of the Kondo sieve model, the ordering below Tm
means that K < Kc = 1.4J , i.e. below the QCP. As long
range ordering of the dx2−y2 internal structure emerges
at and below Tm, magnetic behavior emerges apparently
requiring involvement of the S=1 sector, only to return
(in zero field cooled data) to invisibility in χ in the or-
dered state. This long-range correlation and ordering of
weak moments (including a small orbital moment, which
we calculate to be 0.16µB parallel to the dx2−y2 mo-
ment) should be detectable, though possibly challenging,
by neutron diffraction, by utilizing the magnetic (spin +
orbital) structure factor that contributes to the magnetic
density correlation function. Muon spin resonance is also
a particularly sensitive method to detect magnetic order.
Probably more telling is that the susceptibility will be
distinct from that of truly non-magnetic ions, with some
T-dependence arising from a van Vleck contribution from
the proximity in energy of the S=1 states. The field-
cooled susceptibility below Tm may arise from domain
structure in which S=1 moments at the domain bound-
aries come into play. To repeat from above: extrinsic
phases may interfere in the data with intrinsic behavior.
Scenario #2: Quenching of the Singlet. The preced-
ing discussion has assumed the integrity of the quantum
ODS singlet. This is textbook behavior as long as the
two spins remain in a coherent singlet, which convention-
ally assumes degenerate orbitals and negligible coupling
to the environment. Neither of these conditions applies
strictly to BNOAS. At elevated temperature these “per-
turbations” may average out so the singlet survives, but
may become more influential as temperature is lowered.
Similarly to the quenching of atomic orbital angular mo-
mentum by environmental effects (non-spherical poten-
tial), the ODS may revert to the non-quantum pair of
individual but coupled ~σ and ~τ spins (as described by
DFT). Coupling then will strictly antialign the individ-
ual orbital spins, which can then separately respond to an
applied magnetic field, and have separate (and unequal)
orbital contributions and provide a distinct susceptibility
though probably still small. The magnetic transition at
Tm would, in this scenario, correspond to the quenching
of the singlet, with consequences that may not have been
studied previously.
Analogous materials. Related behavior was observed
in DFT+U studies of MnO under pressure, which both
experiment and theory identify as a high spin to low spin
(but not zero spin) transition[31] in the vicinity of an
insulator-metal transition. In DFT+U calculations[28],
the low pressure S = 52 Mn ion first undergoes, un-
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der pressure, an insulator-to-insulator transition in which
two Mn 3d orbitals flip spin direction whilst each orbital
remains fully spin polarized, i.e. an S = 52 → S =
1
2 spin
collapse without change in orbital occupation. This spin
collapse amounts to an even more drastic violation of
Hund’s first rule than in BNOAS that is discussed here.
The origin of the energy gain was traced to the persisting
strong (maximal) anisotropy in spin and charge, and to
a change in pdσ hybridization. In that system MnO was
also in proximity to a critical metal-oxygen separation.
Both of these characteristics (anisotropy and a critical
bond length) are also apparent in BNOAS.
A prime interest in BNOAS will be how it may in-
form the electronic structure and magnetic behavior in
superconducting (Nd,Sr)NiO2. As mentioned, the ODS
tendency was seen fifteen years ago in LaNiO2, which is
commonly used as a stand-in for NdNiO2 in correlated
electron calculations. It should be mentioned that oth-
ers have not reported obtaining this singlet tendency in
LaNiO2. However, in BNOAS we obtain it with two dif-
ferent codes and GGA+U implementations. We obtain
the magnetic states others report but they have higher
energies (for physical values of U). There are still things
to be learned about the peculiar behavior of the dz2 or-
bital in infinite layer nickelates. It is of considerable in-
terest to try to electron-dope BNOAS toward the d9−δ
regime where superconductivity emerges in (Nd,Sr)NiO2.
Another related system is Ba2CuO3.2, which super-
conducts at 73K[39] after having been synthesized at 18
GPa and 1,000C. Although not described as such, this
compound is an infinite layer cuprate that is hole-doped
with 0.2 apical oxygen atoms per copper, making it for-
mally somewhat overdoped. The (average) apical Cu-
O distance is small at 1.86A˚, whereas the in-plane Cu-
O separation is 2.00A˚, larger than other superconduct-
ing cuprates. The interpretation of spectral data sug-
gested that the crystal field has exchanged the positions
of the dz2 and dx2−y2 levels, which would provide a new
paradigm for cuprate superconductivity. The relation-
ship of this material to BNOAS suggests the usefulness
of further study of both systems.
While BNOAS is not simple to synthesize due to the
need of high pressure, it is nevertheless available (after
synthesis) to experimental probes that are not available
to MnO at 100 GPa pressure. We encourage further
synthesis and study of BNOAS by thermodynamic and
spectroscopic (electron, neutron, and muon) probes to il-
luminate the peculiar magnetic behavior observed in this
infinite layer nickelate.
VI. SUMMARY
Our density functional theory with correlation effects
study of Ba2NiO2(AgSe)2 has uncovered the likelihood
that an off-diagonal singlet arises in the subspace of the
two eg holes (or electrons) in its d
8 ionic configuration.
This “low spin” singlet however has orbital polarization,
i.e. orbital texture, with one orbital’s spin being coupled
to neighbors while the other is not. Moreover, a critical
Ni-O separation of 2.03A˚ has been obtained, which seems
to be associated with the distinction between low spin
and high spin Ni d8 ions in square planar coordination,
occurring at the same Ni-O distance. Two scenarios have
been presented, either of which might account for the
peculiar measured susceptibility: a magnetic transition
at Tm=130K but non-magnetic behavior above Tm.
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